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During a previous study on the molecular interaction between commensal bacteria and host gut immunity, two novel bacterial strains, A911
T and G707 T , were isolated from the gut of Drosophila melanogaster. In this study, these strains were characterized in a polyphasic taxonomic study using phenotypic, genetic, and chemotaxonomic analyses. We show that the strains represent novel species in the family Acetobacteraceae.
Strain G707
T , a highly pathogenic organism, represents a new species in the genus Gluconobacter, "Gluconobacter morbifer" sp. nov. (type strain G707 ‫؍‬ KCTC 22116 T ‫؍‬ JCM 15512 T ). Strain A911 T , dominantly present in the normal Drosphila gut community, represents a novel genus and species, designated "Commensalibacter intestini" gen. nov., sp. nov. (type strain A911 ‫؍‬ KCTC 22117 T 
‫؍‬ JCM 15511 T ).
Life on Earth emerged at least 3.8 billion years ago (32); Earth has been inhibited by bacteria for at least 2.5 billion years and by eukaryotes for 0.5 to 1 billion years (2) . All life forms containing mucosal epithelia have had to adapt to the presence of commensal microbiota in their gastrointestinal tract; this has been achieved via interactions such as symbiosis, commensalism, and pathogenicity (20) . Research on ubiquitous bacterial symbionts has defined the mechanisms by which these organisms infect their host cells, prevent the host's immune responses, and control host physiology in insects (7) . The in-depth analysis of gut-microbe interactions presents difficulties because most symbiotic bacteria cannot be cultured ex vivo and genetically amenable animal models are not diverse; however, Drosophila melanogaster has been successfully used as a genetically tractable model organism for the investigation of pathogen-initiated immunity in the gut (11, 17, 18, 37, 47, 50) .
We have previously investigated the molecular interactions between commensal bacteria and host gut immunity. The Drosophila gut maintains the appropriate antimicrobial peptide (AMP) levels for preservation of the normal flora community structure by recruiting the developmental master control gene caudal (cad) (36) . We showed that a deregulated immune genotype (i.e., AMP overexpression due to the loss of cad) was linked to a chronic gut inflammation phenotype, not because it was a direct cause of the disease but because it altered the commensal microbiota community structure in which the pathogenic commensal strain G707 T became dominant. Two strains were isolated from wild-type Drosophila midguts: strain
A911
T was a predominant commensal member (more than 10 5 bacteria per gut), and strain G707 T was a minor member. When caudal expression was disrupted by RNA interference (RNAi) (caudal RNAi), the population of strain A911
T was significantly diminished and was maintained at a low level (less than 10 3 bacteria per gut) whereas strain G707 T became a dominant commensal member (to more than 10 4 bacteria per gut). The characteristics of strain G707
T (highly resistant to AMP) and strain A911
T (sensitive to AMP) suggest that G707 T could be dominant in the gut of cad RNAi flies as a result of the overexpression of AMPs. A high level of apoptosis in epithelial cells was also detected in the guts of G707 T -challenged germ-free wild-type flies, but not in G707 T -challenged, conventionally reared wild-type flies; however, it is still unclear how this change in bacterial population induces apoptosis in Drosophila. Thus, it is necessary to explore the fundamental characteristics of these two novel bacterial strains in order to elucidate the mechanism leading to apoptosis.
Phylogenetics is the study of evolutionary relationships among various groups of organisms. In accordance with the accumulated phylogenetic knowledge database, when comparing novel isolates with evolutionally closely related strains, researchers can determine which taxon they belong to, whether new isolates are novel, and which enzyme activities or metabolites are crucial for their ecological roles in the environment.
The primary goal of this study was to phylogenetically characterize the novel strains G707
T and A911 T through phenotypic, genetic, and chemotaxonomic analyses. Strain G707 T is a highly pathogenic commensal organism, and strain A911
T is predominant in the normal gut community structure. Here we show that these two novel isolates from the microbiota community in Drosophila midguts are affiliated with the family Acetobacteraceae; strain G707
T belongs to a novel species in the previously established genus Gluconobacter, and strain A911 T belongs to a novel species in the novel genus Commensalibacter.
RESULTS

Morphology and physiological characteristics. The cells from strains G707
T and A911 T are aerobic, non-spore forming, nonmotile, and rod shaped. Strain G707
T cells are gram variable. Strain G707
T colonies are pink pigmented and circular after 2 days of growth on mannitol-agar at 25°C. This strain can grow on conventional media such as TSA and R2A agar plates. Growth occurs on mannitol-agar plates containing up to 2% NaCl, but not at 3% NaCl. Strain G707
T cannot reduce nitrate to nitrite or nitrogen. Strain A911
T cells are gram negative, and its colonies are cream pigmented. It can also grow on conventional media such as TSA, R2A agar, and LA plates. Growth occurs on mannitol-agar plates containing up to 3% NaCl, but not at 4% NaCl. Strain A911
T can reduce nitrate to nitrite. Both strains are oxidase negative and catalase positive. The optimal temperature range for growth is 25 to 30°C, and the optimal pH range is 3.6 to 7.8 for both strains. Additional descriptions of the strains appear in the species description. Tables 1 and 2 show a comparison between the characteristics of closely related strains and G707
T and A911 T , respectively. Anticompetition between two novel strains. An in vitro experiment to identify antagonism between two novel strains on a mannitol-agar plate revealed that their populations were able to coexist well together. One strain cannot exclude the other strain in a static plate environment. No antagonism, such as antibiotic-mediated competition, between two strains of Escherichia coli that produce an antibacterial toxin (colicin) and are sensitive to colicin (4) was observed, even though antagonism between two novel strains in the guts of G707 T -challenged conventionally reared wild-type flies was reported (36 T (97.4%), whereas strain A911 T exhibited the greatest similarity to type strains Acetobacter syzygii 9H-2 (93.5%), Acetobacter lovaniensis ATCC 12875 (93.4%), Acetobacter pomorum LTH 2458 (93.3%), and Gluconacetobacter sacchari SRI 1794 (93.2%) and strains of other species belonging to the family Acetobacteraceae (Յ93.1%). The sequence similarity observed for strain A911
T implies that this strain must be classified as a new species, if not a new genus. Construction of phylogenetic trees based on the 16S rRNA gene sequences confirmed that both strains are also associated with the family Acetobacteraceae (Fig. 1) ; strain G707
T clustered within a clade of the genus Gluconobacter (Fig. 1) . The sequence of strain A911
T was phylogenetically distinct, implying a relatively long subline of descent separate from other species of the family Acetobacteraceae (Fig. 1 ). Despite the low bootstrap values (approximate 50%) of the three treeing methods used, supporting a branching point between the major Acetobacter 6172 ROH ET AL. APPL. ENVIRON. MICROBIOL.
cluster and strain A911 T , most of the branching points remained unchanged regardless of the treeing methods, supporting the affiliation of the strain A911
T with the family Acetobacteraceae. A DNA-DNA homology study showed an average level of DNA-DNA relatedness below the 70% threshold value (51) Growth at 37°C
Acid production from: 
Growth on: 1% (wt/vol) glutamate agar 34%) , and other fatty acids (less than 1.00%). The characteristic composition profile of the genus Gluconobacter exhibits a large amount of straight-chain unsaturated C 18:1 , straight-chain saturated C 16:0 and 2-hydroxy fatty acid, and C 16:0 2-OH as major fatty acids, with a minor presence of C 18:0 , C 14:0 3-OH, C 16:0 3-OH, C 18:0 3-OH, and others (48) . A predominant fatty acid profile with C 18:1 7c as the major fatty acid is characteristic of members of the family Acetobacteraceae (12, 55) . The fatty acid profile of strain A911 T is roughly in agreement with those of validly described species of other genera in the family Acetobacteraceae.
Genomic analysis. The genomic DNA GϩC contents of strains G707
T and A911 T were 54.1 mol% and 37.0 mol%, respectively. The genomic GϩC contents of six currently validated type species found in the genus Gluconobacter are within the 55.1-to 60.3-mol% range (28, 45, 56) ; this is similar to the genomic GϩC content of novel strain G707 T . These data confirm that strain G707
T belongs to the genus Gluconobacter. In contrast, the genomic GϩC content of A911
T is significantly lower than that (more than at least 50 mol%) of any other validated species in the family Acetobacteraceae. The value of the genomic GϩC content, in addition to the 16S rRNA gene sequence similarity and fatty acid profile, also supports the idea that strain A911
T could be a distinct genospecies.
The sizes of the genomes of strains G707 T and A911 T were estimated by pulsed-field gel electrophoresis to be 1,900 kb and 2,100 kb, respectively. These two novel strains have rather smaller genome sizes than other host-associated or free-living archaea and bacteria whose genomes were obtained from a compilation of 244 complete published genomes (14) . The genome sizes of novel strains are smaller than the sizes determined for strains of the species Gluconobacter oxydans subsp. oxydans (2,240 to 3,787 kb) (49) .
DISCUSSION
It is known that the human gastrointestinal tract is made up of more than 500 microbial phylotypes comprising an estimated 10 14 microbes; most of them are uncultivated species and novel microorganisms revealed by contemporary 16S rRNA gene sequencing techniques (9) . Compared with the diversity of the human gastrointestinal tract, the microbial consortium in Drosophila is extremely simple (6) . In the gastrointestinal consortium of Drosophila, 9 to 13 microbial phylotypes were found in the entire bodies of laboratory-reared Drosophila and at most 25 phylotypes were found in captured wild Drosophila.
A previous study (36) identified 10 phylotypes from control and cad RNAi Drosophila midguts including Lactobacillus plantarum, Lactobacillus brevis, Acetobacter pomorum, Acetobacter malorum, Gluconacetobacter intermedius, Gluconacetobacter rhaeticus, Gluconacetobacter europaeus, Wolbachia pipientis, and two novel strains (G707 T and A911 T ). This study used culture-independent methods to perform the first analysis of the midgut commensal consortium in Drosophila; these techniques included PCR-denaturing gradient gel electrophoresis and the use of 16S rRNA gene clone libraries. The microbial diversity in the midgut was significantly lower than that in the entire Drosophila body (31) . Two novel candidates that were isolated from the Drosophila midguts under adjusted conditions using mannitol-agar plates to focus on the culture of species in the family Acetobacteraceae were characterized in this study.
Since the genus Gluconobacter, belonging to the family Acetobacteraceae, was first proposed by Asai (the type strain was isolated from fruits in 1935 [1] ), six species of this genus have been validated: G. albidus (56) , G. cerinus (53) , G. frateurii (29) , G. oxydans (8) , G. kondonii (28) , and G. thailandicus (45) . Among Gluconobacter species, one strain, Gluconobacter asaii NBRC 3276 (Mason and Claus 1989 ) is regarded as a heterotypic synonym of G. cerinus, due to the high degree of DNA-DNA relatedness to the type strain of G. cerinus, according to Katsura et al. (22) . Many strains belonging to the genus Gluconobacter have been isolated from various sources including flowers, bees, various fruits, beer, cider, sour porridge, lemonade, vinegar, and sewage on soil (15) . Members of this genus are gram negative or variable and motile or nonmotile; if motile, the cells have three to eight polar flagella, are obligately aerobic, have ellipsoidal to rod-shaped cells, have strong catalase activity, and do not form endospores. Some strains can cause pink diseases and rot in fruits (19) . Results from the 16S rRNA gene sequence similarity, fatty acid profile, and genomic DNA GϩC content assessments of strain G707 T , which is dominant in the gut of cad RNAi flies, are consistent with properties of the genus Gluconobacter; the phenotypic differences between strain G707
T and other Gluconobacter species are illustrated in Table 1 . Thus, on the basis of phenotypic, genetic, and chemotaxonomic comparisons to previously described taxa, strain G707
T can be classified as a novel species in the genus Gluconobacter, for which the name "Gluconobacter morbifer" sp. nov. is proposed.
The family Acetobacteraceae, belonging to the class Alphaproteobacteria, was first introduced by Beijerinck in 1898; the name of the family was subsequently validated in 1980 (13) . At the time of writing, this family is currently assigned 26 genera, including the genera Acetobacter, Gluconacetobacter, Gluconobacter, Acidomonas, Asaia, and Kozakia. Bacteria in this family are often referred to as the acetic acid bacteria because a typical feature is their ability to produce acetic acid from ethanol. Within the acetic acid bacteria, whole cells and enzymes associated with the genera Acetobacter and Gluconobacter are widely utilized for biosensor construction in the biotechnology industry (27, 44) . Among 26 genera belonging to the family Acetobacteraceae, most currently contain only a single species; also, many unclassified 16S rRNA sequences that can be assigned to the family Acetobacteraceae were registered in the NCBI database. These data mean that there are still a lot of strains in this family that can be isolated and validated from the environment. Phylogenetic analysis based on 16S rRNA gene sequences indicated that strain A911
T is associated with the family Acetobacteraceae. Within the phylogenetic trees, this novel strain shares a branching point with the genus Acetobacter and a low 16S rRNA gene sequence similarity to the closely related type strain of Acetobacter syzygii, 9H-2. On the bases of the large phylogenetic distance from its closest relatives shown in Table 2 and its significantly lower genomic GϩC content and different phenotypic characteristics, strain A911 T differs from those of all known validly described genera in the family Acetobacteraceae. Thus, it can be concluded that strain A911
T should be classified as a novel genus in the family Acetobacteraceae, for which the name "Commensalibacter intestini" gen. nov., sp. nov., is proposed. The nomenclature and description of the two strains are given below.
In this present study, two novel species belonging to the genus Gluconobacter and the new genus Commensalibacter in the family Acetobacteraceae were microbiologically characterized through a polyphasic taxonomic study. It was recently reported that the molecular pathogenesis of chronic inflammatory bowel diseases is connected to deregulation of the NF-B and AMP signaling pathways in mammalian gut epithelia (52) . By using a genetically amenable model organism harboring an extremely simple gut commensal microbiota, we have established the molecular links among immune genotype, commensal microbiota structure, and disease phenotype at the organism level. In this model, the dominance of a pathogenic commensal microbe Gluconobacter morbifer G707 T due to the immune-deregulated cad RNAi genotype has been shown to induce chronic gut pathology (36) . Thus, Gluconobacter morbifer G707
T in the Drosophila gut should play an important role in gut pathogenesis. This study should provide fundamental information for future investigations to characterize the metabolites of these novel strains and confirm the relationship between the immune genotype-based commensal community structure and host physiology.
Description of Gluconobacter morbifer sp. nov. Gluconobacter morbifer (morЈbi.fer. L. masc. adj. morbifer, that brings disease).
Cells are aerobic, non-spore forming, nonmotile, and rod shaped (0.7 by 1.8 to 2.0 m), and the Gram stain is variable, with some cells staining positive and others negative. Colonies are pink-pigmented and circular, measuring approximately 1.0 to 1.5 mm in diameter after 2 days of growth on mannitol-agar at 25°C in aerobic conditions. Growth also occurs on TSA and R2A agar, but not on LA, MA, or NA. The temperature range for growth is 13 to 37°C (optimum, 25 to 30°C), but no growth occurs at 12 and 38°C. No growth occurs in NaCl concentrations greater than 3%. The pH range for growth is 3.6 to 7.8. Strain G707 is oxidase negative and catalase positive and cannot reduce nitrate to nitrite or nitrogen. Indole is not pro- Cells are aerobic, non-spore-forming, nonmotile rods and are gram negative, oxidase negative, and catalase positive. The major fatty acids are C 18:1 7c, C 18:1 2-OH, and C 16:0 . The DNA GϩC content of the type species is 37.0 mol%. The genus is a member of the family Acetobacteraceae. The type species is Commensalibacter intestini.
Description of Commensalibacter intestini sp. nov. Commensalibacter intestini (in.tes.tiЈni. L. gen. n. intestini, of the gut).
The description is as for the genus with the following additional properties. Cells are 0.5 m wide and 2.0 to 2.5 m long. Colonies are cream colored and circular, measuring approximately 1.0 to 2.0 mm in diameter after 2 days of growth on mannitol-agar at 25°C in aerobic conditions. Growth also occurs on TSA, R2A agar, and LA but not on MA or NA. The temperature range for growth is 18 to 34°C (optimum, 25 to 30°C), but no growth occurs at 17 and 35°C. No growth occurs in NaCl concentrations greater than 4%. The pH range for growth is 3.6 to 7.8. Strain A911 T is oxidase negative and catalase positive and can reduce nitrate to nitrite. Indole is not produced, and D-glucose fermentation does not occur. Cells are L-arginine dihydrolase and urease negative. Enzyme activities determined using API ZYM test strips indicated the train was positive for alkaline phosphatase, esterase (C4), esterase lipase (C8), acid phosphatase, naphthol-AS-BIphosphohydrolase, ␤-galactosidase, and ␤-glucosidase. In contrast, lipase (C14), leucine arylamidase, valine arylamidase, cystine arylamidase, trypsin, ␣-chymotrypsin, ␣-galactosidase, ␤-glucuronidase, ␣-glucosidase, N-acetyl-␤-glucosaminidase, ␣-mannosidase, and ␣-fucosidase activities were not observed. The major fatty acids are C 18:1 7c (65.29%), C 18:1 2-OH (14.08%), C 16:0 (10.39%), and others (less than 5%). The GϩC content of the genomic DNA and the size of the genome of the type strain are 37.0 mol% and 2,100 kb, respectively. The type strain is A911, which was isolated from Drosophila midguts. Strain A911
T was deposited with the KCTC and JCM under accession numbers KCTC 22117 T and JCM 15511 T , respectively.
